Understanding the cocatalyst/semiconductor interaction is of key importance for the design and synthesis of next generation photocatalytic materials for efficient hydrogen production and environmental cleanup applications. Here we investigate preformed Pd nanoparticles (NPs) supported on a series of anatase TiO 2 having well-controlled but varying degrees of crystallinity and crystallite size, and explore their photocatalytic performance for H 2 production and phenol decomposition. While tuning the anatase crystallite size significantly influences the photocatalytic performance, varying the TiO 2 crystallinity shows a negligible effect. Interestingly, the optimum quantum efficiency (∼78%) for H 2 evolution is achieved with anatase having medium crystallite size (∼16 nm), whereas for phenol decomposition, a promotional effect is only observed for anatase with larger crystallite sizes (>20 nm). Surface radical species and radical densities study reveal that the photogenerated charge carriers have been trapped at different sites depending on the crystallite size of anatase. While the excited electrons are only trapped in bulk lattice sites in small anatase (<16 nm), larger anatase particles provide extra surface sites for charge trapping, which benefit charge storage and transportation to Pd surface sites, leading to a more efficient utilization of charge carriers for photocatalysis. Additionally, Pd supported on medium sized anatase (∼16 nm) hinders the formation of O 2
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ABSTRACT: Understanding the cocatalyst/semiconductor interaction is of key importance for the design and synthesis of next generation photocatalytic materials for efficient hydrogen production and environmental cleanup applications. Here we investigate preformed Pd nanoparticles (NPs) supported on a series of anatase TiO 2 having well-controlled but varying degrees of crystallinity and crystallite size, and explore their photocatalytic performance for H 2 production and phenol decomposition. While tuning the anatase crystallite size significantly influences the photocatalytic performance, varying the TiO 2 crystallinity shows a negligible effect. Interestingly, the optimum quantum efficiency (∼78%) for H 2 evolution is achieved with anatase having medium crystallite size (∼16 nm), whereas for phenol decomposition, a promotional effect is only observed for anatase with larger crystallite sizes (>20 nm). Surface radical species and radical densities study reveal that the photogenerated charge carriers have been trapped at different sites depending on the crystallite size of anatase. While the excited electrons are only trapped in bulk lattice sites in small anatase (<16 nm), larger anatase particles provide extra surface sites for charge trapping, which benefit charge storage and transportation to Pd surface sites, leading to a more efficient utilization of charge carriers for photocatalysis. Additionally, Pd supported on medium sized anatase (∼16 nm) hinders the formation of O 2
•− radicals on TiO 2 surfaces, thus preventing unwanted reoxidation of photogenerated H 2 . KEYWORDS: photocatalysis, metal−semiconductor interaction, electron spin resonance, hydrogen evolution, phenol decomposition, TiO 2 , density functional theory
■ INTRODUCTION
Investigations of advanced catalytic processes have received significant attention, as the demand for sustainable energy, purified water, and clean air keeps increasing. 1−3 Photocatalysis employing particulate semiconductor based materials has experienced tremendous research activity due to the potential of using solar energy as the driving force for H 2 production, CO 2 reduction, and water and air remediation. 4−6 Numerous photocatalyst materials ranging from simple oxides, 7 nitrides, 8, 9 or sulfides 10, 11 to complicated mixed phase materials 12−14 have been developed for various applications; however, their photocatalytic performance still needs to be improved before implementation in industry can be anticipated.
The relatively poor performance of most photocatalyst materials can be directly linked to the kinetics of photoexcited electron−hole (e − −h + ) pairs within the semiconductor, where most of them recombine rather than being separated and used for redox reactions with the surface adsorbed reactants. 15−17 Engineering the electronic properties of the photocatalyst by tuning the composition, structure, surface defects (impurities), surface acidity, and polymorph identity may improve the charge transfer dynamics as well as the optical properties of the material to optimize the photocatalytic performance. 18−22 Decorating the surface of the photocatalyst by metal (i.e., Au, Pd, Pt) nanoparticles (NPs) is considered to be a promising and efficient approach to improve the photocatalytic performance. 23, 24 The presence of metal NPs as a cocatalyst facilitates the spatial separation of the e − −h + pairs by trapping the excited e − that is transferred from the conduction band (CB) of the semiconductor photocatalysts. 25 Fundamental investigations of metal−semiconductor systems indicate that the elemental identity, size, and loading of the cocatalyst all influence the kinetics of the charge transfer process therefore affecting the photocatalytic performance. 26−29 Meanwhile, it has been shown that the nature of the semiconductor support (i.e., polymorph composition, particle size) can also be used to manipulate the electronic properties of the metal NPs and thus lead to tunable photoreactivity and selectivity. 30, 31 While promotional effects have been observed in most cases, 31−36 inhibition of the catalyst performance has been also noted. 37, 38 This heterogeneity suggests that numerous details of the interplay between semiconductor photocatalyst particles and the cocatalyst NPs are still unclear. It has been wellestablished that well-controlled and deliberately engineered cocatalyst structures can have a significant positive influence the photoreactivity of the system. 39, 40 However, the effect of modifying the semiconductor support to alter the semiconductor/cocatalyst interplay and thus engineering the overall photoreactivity remains largely unknown presumably because of the lack of a well-defined system with tunable physical parameters. Recently, the influence of crystallinity and crystallite size of the pristine anatase TiO 2 as the photocatalyst has been investigated, indicating that the reaction pathways of photocatalytic phenol decomposition can be tuned by adjusting the anatasenanocrystallite size. 41 Since varying the crystallinity and crystallite size can result in changes in the surface properties of anatase, we consider that these parameters may be deliberately controlled to modulate the interaction between metal NPs and semiconductor materials and thus enable fine-tuning of the overall photocatalytic performance of the system.
From the perspective of the reaction mechanism, most photocatalytic processes involve radical species (i.e., OOH • , OH • , O 2 − , and Ti 3+ ) that are created from the photogenerated e − −h + pairs. 16 According to electron spin resonance spectrometry (ESR) analysis, the identity, concentration, and lifetime of radicals are crucial parameters that dictate the photoreactivity and selectivity of the catalyst. 30, 42, 43 Surface science studies on model systems have shown that fine-tuning of the cocatalyst/ semiconductor interaction may alter the aforementioned parameters to allow some control over the reaction mechanism. 44, 45 Unfortunately, such an investigation is still missing for well-defined systems of real photocatalysts, limiting our understanding of photocatalytic processes and hence the development of high performance photocatalysts.
Here we explore the cocatalyst/semiconductor interaction using preformed Pd NPs supported on well-defined nanoscale anatase TiO 2 particles. The Pd NPs prepared by solimmobilization were deposited onto anatase synthesised using a supercritical methodology. 46 By producing the TiO 2 this way we can systematically and independently control the anatase crystallinity (12%−82%) and mean crystallite size (6−27 nm). The photocatalytic performance of this matrix of materials was investigated for photocatalytic H 2 evolution and phenol decomposition reactions to examine the interaction between the Pd cocatalyst and anatase support particles. In particular, we have probed the interaction mechanisms by following the identity and population density of surface radicals by ESR spectrometry. Additionally, we also employed theoretical calculations to rationalize the origins of the different radical species and to correlate the photocatalytic performance with the electronic properties of the materials. Figure S1 ), 41 indicating that the solimmobilization process did not significantly alter the structure, mean crystallite size, or crystallinity of the anatase particles ( Figure 1c ). The diffraction peaks of Pd were not observed in all cases due to its ultrasmall size and low loadings (1 wt %). However, we do observe a very broad peak located at ∼32°( yellow zone in Figure 1a ) within low crystallinity samples (i.e., 12.6%−60%), which can be tentatively assigned to PdO (101). 47 Figure 1 . (a and b) XRD patterns of as-prepared Pd NPs on anatase TiO 2 particles having different crystallinity and mean crystallite size, respectively. "A" indicates the peak positions of anatase. (c) Comparison of the mean crystallite size of anatase before and after Pd immobilization as derived from Scherrer analysis of the XRD patterns. On the basis of comparisons of the XRD patterns, the crystallinity and mean crystallite size of anatase particles were considered to be unchanged after Pd addition. 41, 48 Meanwhile, PdO was not observed within the highly crystalline samples (Figure 1b ), indicating the Pd 0 sol supported on a more disordered TiO 2 surface tends to become more oxidized at ambient conditions. A subset of Pd/TiO 2 catalyst samples was examined in some detail using an aberration corrected STEM. A typical low magnification HAADF image from the Pd/TiO 2 (sample S6) photocatalyst is shown in Figure 2a . It is clear that the dispersion of Pd NPs on TiO 2 resulting from the sol-immobilization process is not particularly homogeneous, where some grains are more highly decorated with Pd cocatalyst NPs than others. Higher magnification HAADF images ( Figure 2b ) clearly show that the Pd NPs have a tendency to "wet" the TiO 2 , forming an extended flat interface. In addition to the metallic Pd NPs, it was relatively easy to observe sub-nanometer Pd-containing clusters dispersed on anatase that were much smaller than the original colloid size.The formation of flattened interfaces and sub-nanometer clusters suggests that some PVA-ligand disruption and Pd diffusion has occurred during the drying process (120°C for 16 h). Similar Pd cocatalyst morphologies and dispersions were found in other Pd/TiO 2 samples irrespective of the degree of crystallinity or the mean crystallite size of TiO 2 support (see Figures S1−S4 of samples C1, S2, S4, and S6 in the Supporting Information). 48 The particle size distributions of TiO 2 in the three 82% crystallinity samples (S2, S4, and S6) are plotted in Figure 2c and show very good agreement with the mean crystallite size analysis derived from the XRD measurements, indicating that sintering and agglomeration of the TiO 2 particles during Pd immobilization is negligible. Although there is some degree of overlap between samples S2, S4, and S6, it is fair to say that samples S2, S4, and S6 are mainly composed of small to medium (5−15 nm), medium (12−22 nm), and medium to large (17−30 nm) sized anatase particles, respectively. The corresponding Pd NP size distributions from these same samples are shown in Figure 2c and have mean values of the 2.3−3.1 nm range which is consistent with the starting size of the PVA stabilized Pd colloid.
We further characterized the surface composition and valence states of all as-synthesised Pd NPs dispersed on various anatase particles, as shown in the XPS spectra ( Figure 3 ). Survey spectra of the photocatalysts as a function of the TiO 2 crystallinity ( Figure 3a ) and mean crystallite size ( Figure 3b ) revealed that within the limit of detectability they only consisted of Ti, O, Pd, and adventitious C. Quantitative analysis showed that the surface concentrations of Pd were ∼2.5 wt % for all samples, which is slightly higher than the nominal 1 wt % bulk Pd concentration due to the preferential location of Pd at the anatase surface.
High resolution Ti 2p spectra of the crystallinity series ( Figure 3c ) and mean crystallite size series ( Figure 3d ) suggest that, as expected, exclusively Ti 4+ is presented in all cases, again confirming that the anatase TiO 2 particles remained within the sol-immobilization process essentially unchanged. The Pd 3d spectra of all samples with different crystallinity and crystallite size are shown in Figure 3e ,f, respectively. The Pd 3d signals can be deconvoluted at least into two peaks, indicating the presence of both Pd 0 and Pd 2+ species. 50 However, the Pd 0 /Pd 2+ ratios varied significantly depending on the degree of crystallinity exhibited by the anatase TiO 2 particles. While the Pd 0 /Pd 2+ ratio increased from 2.4 to 6.7 following the increase of crystallinity 
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Research Article from 12.6% to 82%, increasing the crystallite size of anatase showed negligible effect on the Pd 0 /Pd 2+ ratio, which remained at ∼7 (see Table S2 in Supporting Information). 48 In conjunction with the evidence from the corresponding XRD patterns (Figure 1a ), we can conclude that a mixture of Pd/PdO NPs has been deposited on anatase particles with low crystallinity, whereas for highly crystalline anatase, mainly metallic Pd NPs are formed that are possibly covered with an ultrathin PdO layer.
Effect of TiO 2 Structural Parameters on the Photocatalytic Performance. We first studied the effect of the Pd−anatase interaction on photocatalytic H 2 production, as shown in Figure 4 . For comparative purposes, a sol-immobilized Pd cocatalyst supported on a commercial TiO 2 (Degussa P25) was also tested. Time resolved H 2 evolution (Figure 4a ,b) suggests that all Pd/anatase variants can generate H 2 upon UV irradiation; however, the performance of these variants varied significantly depending on the nature of the anatase particles. To better visualize the effects of varying TiO 2 crystallinity and crystallite size, we calculated the H 2 production rate and apparent quantum efficiency (AQE) of all Pd/TiO 2 photocatalysts, as shown in Figure 4c ,d, respectively. 48 While poorly crystalline 9 nm TiO 2 particles (<60%) showed nearly identical performance for H 2 evolution, a slight increase in the performance was observed for those samples displaying a higher degree of crystallinity (>60%). Interestingly, increasing the crystallite size of the most crystalline TiO 2 particles (∼82%) from 6.6 to 15.9 nm caused a significant enhancement in performance, but a further increase of the crystallite size to 26.6 nm deactivated the photoreactivity. Remarkably, the Pd NPs supported on the 15.9 nm, 82% crystalline anatase particles presented an extremely high AQE for H 2 evolution (∼78%), which was about double that found for Pd NPs with similar particle size supported on commercial P25 TiO 2 . Such an AQE value is even higher than that reported previously for the Au core Pd shell cocatalyst on P25 (73%), which at the time of publication was superior to that of any photocatalyst reported using renewable organic chemicals as scavengers. 27 We further investigated the correlation of the Pd−anatase interaction and photocatalytic oxidation performance through a phenol decomposition reaction, as shown in Figure 5 . Previous kinetic analysis based on in situ UV−vis and MS spectrometry suggested that the optimum performance for full phenol oxidation was always observed for samples that produced the minimum fraction of phenolic species (i.e., hydroquinone and benzoquinone), as these redox couples consume the photogenerated charge carriers continuously, thus reducing the conversion of phenol to CO 2 . 39, 41 Therefore, the decomposition rate of total phenolic species shown in Figure 5 reflects the performance of the photocatalysts for the full oxidation of phenol. For 9 nm TiO 2 with different degrees of crystallinity, surface decoration with Pd NPs showed negligible effects on the phenol decomposition rate for the more crystalline TiO 2 particles (>75%) but a decrease in phenol decomposition for the less crystalline TiO 2 (<60%) particles, respectively ( Figure 5a ). We did observe that the formation and decomposition of phenolic intermediates (hydroquinone and benzoquinone) were slightly improved upon increasing the crystallinity of the TiO 2 particles ( Figure S8b ,c), 46 which resulted in a minor enhancement toward the full decomposition of phenol using Pd/TiO 2 compared to that of their pristine TiO 2 counterparts. 41 Interestingly, Pd NPs supported on highly crystalline (82%) TiO 2 with tunable crystallite size presented a different phenomenon. While Pd NPs supported on small anatase particles (<15.9 nm) showed identical performance in phenol decomposition compared to their Pd-free counterparts, a further increase in the mean size of anatase (>15.9 nm) boosted the photocatalytic oxidation of phenol significantly (Figure 5b ). The evolution of hydroquinone and benzoquinone using undecorated and Pd-decorated TiO 2 (82% crystallinity) with different mean crystallite sizes are also presented in Figure S8f ,g, respectively. 41, 46 These plots clearly reveal that the interaction of Pd with anatase can better promote the decomposition of both intermediates when the mean size of the anatase crystallites exceeds ∼15.9 nm, which eventually accelerates the complete decomposition of phenol. Figure 5 . Evolution of total phenolics during photocatalytic phenol decomposition using the 9 nm pristine anatase (left column) and 1 wt % Pd NPs modified anatase (right column) with different crystallinity (a), and using the 82% pristine anatase (left column) and 1 wt % Pd NPs modified anatase (right column) with different mean crystallite size (b). 41 
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We can satisfactorily explain some of the observed phenomena using some prior experience and knowledge. For example, amorphous TiO 2 is generally considered to be poor for photocatalysis. 41 Furthermore, the optimized photocatalytic H 2 production noted for medium sized crystalline anatase decorated with Pd can be considered as a deliberate trade-off between surface area effects and quantum size effects. However, the underlying mechanism is not sufficiently well-understood to fully explain the following issues: (i) the fact that increasing the degree of crystallinity of the anatase does not seem to significantly affect the photocatalytic H 2 production and phenol decomposition, and (ii) the optimized crystallite size required for photocatalytic H 2 production and phenol decomposition is markedly different (i.e., 15.9 nm versus 26.6 nm). Surface science studies on model TiO 2 photocatalysts revealed that surface defects (i.e., vacancies and adatoms) and bulk defects affect the charge transfer and trapping kinetics, which in turn control the surface adsorbed species that influence the reaction pathways and determine catalytic performance. 15,51 However, the above conclusions were drawn from data collected using the surface science approach based on single crystal TiO 2 (normally a reduced rutile phase) under ultrahigh vacuum conditions, which are not directly comparable to the TiO 2 NPs (normally pure anatase or mixed anatase/rutile polymorphs [P25]) that are used in real photocatalytic reactions under ambient conditions.
To rationalize the Pd−anatase interaction under different reaction conditions, we performed solid state ESR analysis on a selected subset of anatase samples and their corresponding Pd decorated counterparts, as shown in Figure 6 . When pristine TiO 2 samples were irradiated under high vacuum (Figure 6a , P cell = 10 −5 mbar), well-characterized Ti 3+ centers, CB electrons (e − CB ), and O •− were formed as expected due to charge separation (e − + Ti 4+ → Ti 3+ , O 2− + h + → O •− ). Note that e − CB showed a g value of 2.003, which can effectively be considered as "free electrons" (g = 2.0023). The ESR signal at g = 2.003 could also be induced by the defect states at particle−particle interfaces on reduced anatase, 52 but such contribution should be negligible in our case as all samples consist of stoichiometric TiO 2 . However, the relative concentrations of different radical species varied significantly as the crystallinity changed. While mainly Ti 3+ species in regular bulk lattice positions (bulk Ti 3+ , g ⊥ = 1.992, g ∥ = 1.960) were detected for TiO 2 with poor crystallinity or small sizes (C1, C3, C5, and S3), 53 Ti 3+ in a disordered environment (near-surface Ti 3+ , g = 1.93), e − CB , and O •− were the dominant species found for highly crystalline TiO 2 with larger crystallite sizes (S4 and S6). 54 Because the most intense surface Ti 3+ features were observed on sample S6, and the extensive bulk Ti 3+ features were observed on samples C1, C3, C5, and S4, we surmise that large anatase is responsible for the surface Ti 3+ and small anatase is the source for the bulk Ti 3+ . Moreover, increasing the crystallinity from 12.6% (C1) to 60.3% (C3) and then to 82% (C5 and S3) solely resulted in an increase of the bulk Ti 3+ , whereas most e − CB converted to near-surface Ti 3+ centers when the TiO 2 size grew from 16.4 nm (S4) to 27 nm (S6). Therefore, the e − CB should be solely generated on medium sized anatase as the corresponding ESR peak was significantly observed on sample S4 and visible on sample S6. Interestingly, the signals of excess charges vanished almost completely in all samples when preformed Pd NPs were immobilized onto the TiO 2 particles (see Figure 6c ), indicating most of the excited electrons were successfully transferred from TiO 2 and localized at Pd surface sites. In comparison, Ti 3+ species in regular bulk lattice positions were predominantly detected for pure P25 after irradiation under high vacuum, which is a similar situation to that of sample S3 ( Figure S10a ). These trapped electrons can also be transferred to Pd surface sites ( Figure S10c ). 46 We also performed similar experiments under low vacuum conditions (P cell = 10 −1 mbar) to examine the effect of oxygen and water upon radical formation under UV irradiation, as shown in Figure 6b •− was the only radical species detected for poorly crystalline or small grain TiO 2 samples (C1, C3, C5, and S3), and the intensity was much weaker compared to that observed for samples S4 and S6. The spectra changed considerably in the presence of Pd NPs on TiO 2 particles, as shown in Figure 6d . While the characteristic nearsurface Ti 3+ signals observed for large pristine anatase vanished due to charge transfer from TiO 2 to Pd, weak fingerprints of Pd 2+ signals were observed in the low crystallinity sample (C1 and C3), 55 which agrees well with our XRD and XPS observations. Noticeably, the number of surface O 2
•− radicals decreased when increasing the crystallinity from 12.6% (C1) to 60.3% (C3) and to 82% (C5 and S3), as well as increasing the crystallite size from 9.3 nm (C5) to 11.3 nm (S3) and to 15.9 nm (S4), and reached a minimum with a mean size of 15.9 nm (S4). The concentration of O 2
•− radical shown in Figure 6d can also be associated with the divergence in the content of medium sized anatase between samples S3, S4, and S6. Surface Ti 3+ and O 2
•− were the dominant species when pure P25 was irradiated under low vacuum, and the intensity of the O 2
•− signal was similar to that of S4 ( Figure S10b ). However, Ti 3+ cations were still evident in the ESR spectra of Pd 
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Research Article on P25, indicating the interfacial charge transfer between P25 and Pd to be relatively poor compared to that of the Pd-anatase system ( Figure S10d ). 46 We have further estimated the total numbers of active paramagnetic species by integrating the ESR signals, as shown in Figure 6e ,f. Under high vacuum conditions (Figure 6e ), small TiO 2 particles with low crystallinity (C1, C3, and C5) generated far fewer active paramagnetic species compared to that of other TiO 2 particles. However, for large TiO 2 particles with high crystallinity (S3, S4, and S6), the number of Pd NPs seems to become insufficient for trapping excess Ti 3+ . Under low vacuum conditions (Figure 6f ), the densities of surface active paramagnetic species increased sharply only when the crystallinity and size of TiO 2 reached certain thresholds (>80% and >15.9 nm), and a minimum concentration of surface O 2
•− species was observed for Pd NPs supported on TiO 2 with a crystallite size of 15.9 nm (S4).
Since the density and identity of surface radicals are a reflection of the thermodynamics and kinetics of the charge carriers under reaction conditions, it is crucial to obtain a deep understanding of the charge carriers. In this connection we note that various defects such as OH species, low coordinated ions, and oxygen vacancies (V O ) may exist in pure TiO 2 , 56−58 turning it into an n-type semiconductor, where the electrons and holes are the majority and minority charge carriers, respectively. However, in the present study all samples were stoichiometric anatase (see Figure 3 ) that should be close to behaving like intrinsic semiconductors. Nevertheless, excess charge may occur due to minority defects. In the following we focus on the excited electrons for H 2 evolution with ethanol as the hole scavenger. As the phenol decomposition is more complicated, we would have to consider both electrons and holes since phenol and O 2 have to be oxidized and reduced simultaneously.
In order to reveal the effect of charge carriers on the photocatalytic performance, we have modeled a three-layer anatase TiO 2 (101) surface with a V O placed at various surface and subsurface (bulk) sites (Figure 7a) , and calculated the surface DOS of the system with different V O and the LUMO distributions, as shown in Figure 7 . Our focus here is the creation of Ti 3+ in the system rather than the structure of the defects. Here, introducing one V O corresponds to the creation of two Ti 3+ , which is equivalent to two trapped electrons at the Ti 4+ sites.
Among these five possible V O sites shown in Figure 7a Figure S11 ), 46 indicating that oxygen vacancies are most stable on site 4 (i.e., subsurface) followed by site 1 (surface) rather than on the other sites considered.
The surface DOS shown in Figure 7b Figure 6a are probably due to the enhanced charge separation caused by the midgap states that originate from surface defects. We further mapped the LUMO of the anatase (101) surface with V O 1 and V O 4 , as shown in Figure 7c ,d. Obviously the LUMO located at the surface Ti sites (adjacent to the V O 1 site) is more feasible for charge trapping and subsequent charge transfer than the LUMO located at the subsurface Ti sites (adjacent to the V O 4 site). Previous surface science studies and DFT calculations showed that the subsurface and bulk V O 's are significantly more stable on highly reduced anatase (101). 57 However, in our case, the samples are all very close to stoichiometric TiO 2 (see Figure 3) ; TiO 2 particles are used instead of single crystals, and we are also not working under ultrahigh vacuum conditions. Hence, other surface defects can also potentially be envisaged to be present on our samples that lead to Ti 3+ excess charge. 57 Although all calculation results were derived at 0 K, the electrons that have been trapped at the surface sites should be thermodynamically much easier to utilize for charge transfer even at room temperature. Moreover, the additional unoccupied Ti 3d states observed for the model with V O 1 should be temperature independent. We can now correlate the photocatalytic performance with the charge carriers and the properties of the photocatalyst materials by combining the ESR results with the insight of the theoretical calculations. For the H 2 evolution reaction, "free electrons" (e − CB ) and surface trapped electrons (near-surface Ti 3+ ) are thermodynamically and kinetically more favorable to reduce H + to H 2 compared to electrons trapped within the subsurface or in the bulk (i.e., lattice Ti 3+ ). Ti 3+ excess charge is available at the surface of large anatase crystals having high crystallinity, resulting in the formation of surface midgap states below the conduction band, thus improving the charge trapping and transfer efficiency. For anatase with low crystallinity and small crystallite size, Ti 3+ excess charge is available predominantly in the subsurface or bulk, which results in a relatively poor charge trapping efficiency. Moreover, the unoccupied states are located at the subsurface or bulk that are unfavorable for interfacial charge transfer, leading to a relatively poor photocatalytic performance. Furthermore, a lower density of surface O 2
•− radicals in medium sized anatase is ideal to inhibit reoxidation (i.e., back reactions) of the freshly synthesized H 2 during the photocatalytic process. 40 Accordingly, an optimum level of photocatalytic H 2 evolution was observed for highly crystalline TiO 2 (82.6%) with moderate crystallite size (15.9 nm). The relatively poor performance of Pd on P25 can mainly be associated with the bulk trapped electrons that require 
Research Article extra energy for charge transfer to the Pd NPs. For phenol decomposition, however, a situation is favorable where a dense population of surface radicals exist, which makes breaking of the aromatic rings more feasible. Thus, the best performance for phenol decomposition was observed for highly crystalline TiO 2 (86.3%) of large size (26.6 nm).
■ CONCLUSIONS
We have synthesised photocatalysts composed of Pd NPs supported on TiO 2 (anatase) materials having well-controlled crystallinity and crystallite size. While mainly metallic Pd NPs were deposited on highly crystalline TiO 2 regardless of the anatase crystallite size, about 20−30% of the Pd was presented in the Pd 2+ form (i.e., PdO) when using poorly crystalline TiO 2 particles. We have investigated the interaction of the Pd cocatalyst with TiO 2 for photocatalytic H 2 production and phenol decomposition reactions. Tuning the crystallinity of the TiO 2 particles showed a negligible effect on the photocatalytic performance of both reactions in comparison to varying the crystallite size. For H 2 production, a remarkable apparent quantum efficiency of ∼78% was obtained when using anatase particles with a medium crystallite size of ∼16 nm. Meanwhile, an improvement in phenol decomposition was only observed for anatase particles with larger crystallite size (>20 nm). ESR analysis revealed that larger anatase particles (>16 nm) offer more near-surface sites for charge trapping, whereas solely bulk trapping sites were observed for smaller anatase. Such additional surface sites benefit both charge storage and charge transfer from TiO 2 to the Pd cocatalyst surface sites, and thus provide a more efficient utilization of charge carriers to enhance H 2 evolution and phenol decomposition. Additionally, the presence of Pd on medium sized anatase particles (∼16%) limited the formation of O 2 •− radicals on TiO 2 surfaces, preventing unwanted reoxidation of photogenerated H 2 . DFT calculations on surface DOS and LUMO distribution illustrate that the surface trapping sites for photoexcited electrons in medium and large grain anatase can indeed be associated with different locations of defects such as V O species. Irrespective of the exact nature of the defects, it is clear that surface Ti 3+ sites are beneficial for photocatalytic reactions, since they facilitate interfacial charge transfer from TiO 2 to the Pd NPs. Our results suggest that varying the size of the semiconductor is an efficient method to tune the electronic interaction between metal NPs and semiconductor to improve the photocatalytic performance. Further investigation on the Pd size effect, Pd 0 :Pd 2+ ratio, and Pd/TiO 2 interface may further tune the electronic properties of the material thus improving the photocatalytic performance.
■ EXPERIMENTAL SECTION
Sample Preparation. Synthesis of TiO 2 Particles. A supercritical synthesis approach using a continuous flow reactor was employed to prepare TiO 2 nanoparticles. 46 Isopropanol mixed with deionized (DI) water and titanium isopropoxide (TTIP, ACROS, 98%) were used as the supercritical solvent and the reactant, respectively. The crystallinity and crystallite size of pure anatase TiO 2 were controlled by tuning the concentration of TTIP, composition of the solvent, flow rate, temperature, and pressure, as listed in Table S1 in the Supporting Information. 48 The suspensions of as-prepared anatase particles were centrifuged, washed with DI water, and dried overnight at 120°C. A series of samples were prepared where the crystallinity of anatase was tuned independently from 12% to 82% while maintaining a constant crystallite size of ∼9 nm (samples C1−C5). A second series was made where the anatase crystallite size was varied from ∼6 to ∼27 nm while keeping a constant crystallinity of ∼82% (samples S1−S6), as shown in Figure S1 . 41, 48 Deposition of Pd NPs on TiO 2 Particles. A standard solimmobilization method was utilized to deposit 1 wt % of Pd NPs on the various anatase particles described above. 32 Aqueous solutions of PdCl 2 (Johnson Matthey), polyvinyl alcohol (PVA) (1 wt % aqueous solution, Aldrich, MW = 10 000, 80% hydrolyzed), and NaBH 4 (0.1 M) were freshly prepared and mixed to generate the Pd colloid for deposition. Immobilization of the Pd colloid was then performed by adding the anatase support into the fresh sol (acidified to pH 1−2 by sulfuric acid) under vigorous stirring conditions. The catalyst slurry was then filtered, washed thoroughly with DI water, and dried at 120°C overnight. For comparative purposes, a 1 wt % Pd supported on commercial TiO 2 (Degussa P25) was also prepared by solimmobilization.
Materials Characterization. Powder X-ray diffraction (XRD) was used to acquire crystallographic information on the samples by using an X-ray diffractometer (SmartLab, Rigaku) operating with Cu Kα radiation. A scan rate of 0.04 deg s −1 and integration time of 10.0 s were used for all measurements. Rietveld refinement was applied to determine the peak area and thus the crystallite size from the diffraction patterns. 41, 59 The crystallinity of the sample is defined as the percentage of crystallites in a mixture of crystalline and amorphous material, and thus can be measured by mixing the sample with a CaF 2 reference (1:1 weight ratio), which is 100% crystalline. The crystallinity of the sample was calculated by comparing the integrated areas of the diffraction peaks of anatase (101) 
High angle annular dark-field (HAADF) images of some of the photocatalyst samples were acquired using a 200 kV JEOL ARM 200CF scanning transmission electron microscope (STEM) equipped with a CEOS probe aberration corrector. The samples for STEM analysis were prepared by dry dispersing the catalyst powder onto a holey carbon TEM grid.
A Kratos Axis Ultra spectrometer equipped with a monochromatic Al Kα source (10 mA, 15 kV) was employed to perform X-ray photoelectron spectroscopy (XPS) analysis. Pass energies of 160 and 40 eV were used for survey scans and high resolution scans, respectively. Calibration of the binding energy was referenced to adventitious carbon, which has a binding energy of 284.8 for the C 1s peak.
Photocatalytic Performance Measurements. Photocatalytic H 2 production and phenol decomposition reactions were both performed to evaluate the performance of each material. Prior to the experiment, fresh photocatalyst (50 mg) was dispersed in DI water and subsequently cleaned by UV irradiation (Optimax 365, 365 nm LED, photon flux: 4 × 10 17 photons s −1 ) for 2 h to remove the PVA ligand.
For H 2 production, 6.25 mL of ethanol (99 vol %) was added to the reactor to form a 25 vol % ethanol−catalyst−water suspension (25 mL), which was transferred to a leak-tight reactor that was connected to a quadruple mass spectrometer (QMS, Hiden HPR-20) for the analysis of evolved H 2 . The reactor was then evacuated using a bypass pump until the dissolved O 2 level was reduced to below 5 μM. UV irradiation of 2 h duration was then employed to photocatalytically evolve H 2 under conditions of continuous stirring at room temperature using the same LED light source as described above. The partial pressures
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Research Article of m/e − = 2 (H 2 ), 18 (H 2 O), 28 (N 2 ), 32 (O 2 ), and 44 (CO 2 ) species were monitored in situ.
For phenol decomposition, 1 mL of phenol solution (20 mM) was added to the reactor to form a 400 μM phenol−catalyst− water suspension (50 mL). An adsorption/desorption equilibrium was achieved by keeping the suspension in the dark for 1 h. Then, UV irradiation was commenced using the aforementioned LED light source to initiate the photocatalytic decomposition of phenol. A 1.5 mL aliquot of the suspension was collected at given time intervals, centrifuged, and analyzed by UV−vis spectrometry (UV-1800, Shimadzu, JP).
Further details of the photoreactivity measurements and related calculations are summarized in the Supporting Information and can also be found elsewhere. 28, 39, 48 ESR Characterization of the Photocatalysts. An X-band Bruker EMX spectrometer equipped with a highly sensitive cavity (ER 4119HS) was utilized to record the ESR spectra of pure anatase and the various Pd/anatase samples that have been treated under different oxygen partial pressures. This has been realized by evacuating the cell using a turbo pump system (P cell : 1 × 10 −5 mbar) or a rotary pump (P cell : 1 × 10 −1 mbar), respectively. Before evacuation, the samples (10 mg) were cleaned by UV irradiation for 2 h at room temperature. The samples were then evacuated under dynamic vacuum at 80°C (for low vacuum) and 120°C (for high vacuum) to remove excess surface adsorbed water. The evacuated cell was then irradiated using the same UV light for 30 min at 77 K, and then transferred into the cavity which was held at 120 K to record ESR spectra. The modulation field and microwave power employed were 100 kHz and 10 mW, respectively. The value of the g tensor for each measurement was determined using a 2,2-diphenyl-1picrylhydrazyl (DPPH) standard. 43, 61 Theoretical Calculations. Density functional theory (DFT) was used to calculate the formation energy of the photoexcited electrons that are trapped at surface and subsurface sites by creating surface and subsurface oxygen vacancies (V O ). Subsequently, the impact of various surface and subsurface V O defects on the surface density of states (DOS) and the distribution of the lowest unoccupied molecular orbitals (LUMO) were also evaluated. A three O−Ti−O layer anatase model (144 atoms) was used to simulate the (101) surface (surface area 10.44 × 15.57 Å 2 ). Vienna Ab-Initio Simulation Package (VASP) with the frozen-core projected-augmented wave (PAW) method was used with application of the generalized gradient approximation (GGA) of Perdew−Burke−Ernzerhof (PBE). 62−65 The Ti 3d states were described by GGA + U with a U value of 3.5 eV to correct for the on-site Coulomb interactions. 66, 67 The energy and the electronic properties of the anatase (101) surface were computed using a plane wave cutoff of 500 eV and a Monkhorst−Pack grid of (2 × 2 × 1) k-points. 68 The computational resources for the project were supplied by the Tianhe-2 in Lvliang, Shanxi province. More details of the calculation parameters can be found in the Supporting Information. 46 ■ ASSOCIATED CONTENT
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